We report a combined theoretical and experimental investigation of half-metallic ferromagnetism in equiatomic quaternary Heusler alloy CoRuMnSi. Room temperature XRD analysis reveals that the alloy crystallizes in L21 disorder instead of pristine Y-type structure due to 50% swap disorder between the tetrahedral sites, i.e., Co and Ru atoms. Magnetization measurements reveal a net magnetization of 4 µB with Curie temperature, TC of ∼ 780 K. Resistivity measurement reveals the presence of localization effect below 35 K while above 100 K, a linear dependence is observed. Resistivity behavior indicates the absence of single magnon scattering, which indirectly supports the half-metallic nature. The majority spin band near the Fermi level clearly indicates the overlap of flat eg bands with sharply varying conduction bands that are responsible for the localization. In-depth analysis of the projected atomic d-orbital character of band structure reveals unusual bonding, giving rise to the flat eg bands purely arising out of Ru ions. Co-Ru swap disorder calculations indicate the robustness of half-metallic nature, even when the structure changes from Y-type to L21-type, with no major change in the net magnetization of the system. Thus, robust half-metallic nature, stable structure, and high TC make this alloy quite a promising candidate to be used as a source of highly spin-polarized currents in spintronic applications.
I. INTRODUCTION
Heusler alloys gained immense interest in the field of spintronics due to recent discoveries of several halfmetals (HM), spin gapless semiconductors (SGS), magnetic semiconductors (MS) and spin semimetals (SSM). These materials produce spin-polarized current in their electrical conduction. These classes of materials also exhibit ferro-, ferri-or fully compensated ferri-/antiferromagnetism. CoFeMnSi, 1 CoFeCrGe, 2 Co 2 FeSi, 3 etc. are ferromagnetic spintronic materials in which the spins of all the magnetic ions are aligned in the same direction and possess integer moments. Ferrimagnetic materials such as CoFeCrGa, 4 Mn 2 CoAl, 5 etc. contain two or more magnetic elements with their spins aligned in opposite directions, resulting in low integer moment but sufficiently exchange coupled to result in high Curie temperature (T C ). Fully compensated ferrimagnets (FCF) such as CrVTiAl, 6 MnVCrAl, 7 Mn 1.5 FeV 0.5 Al, 8 and Mn 3 Al 9 are the special kind of materials from the family of ferrimagnets in which the net moment is close to zero, resembling antiferromagnets. Among the discovered spintronic materials, SGS gained a lot of interest due to their peculiar properties such as (i) spin-polarized electrons and holes, (ii) less or almost no energy required to excite carriers from valence band to conduction band unlike conventional semiconductors, (iii) possibility of Dirac or Weyl points at the Fermi level.
10 Mn 2 CoAl, 5 CoFeCrGa, 4 CoFeMnSi, 1 Ti 2 MnAl, 11 CrVTiAl 6 are some of the predicted SGS materials from the Heusler family. One of the issue with SGS materials, however, is the sensitivity of its electronic structure. This is due to the gapless nature of one of the spin bands, which can easily change due to small perturbation such as (i) external pressure, (ii) disorder, etc. Most of the reported SGS materials have some disorder, which not only affects the SGS nature but also degrades the spin polarization.
Even though there are a large number of Heusler alloys which are theoretically predicted to have high spin polarization and are experimentally verified, the measured spin polarization values are quite low. [12] [13] [14] [15] The main cause of degradation of spin polarization is disorder, e.g., anti-site disorder, which destroys the half-metallic character. As such, in order to have a robust spintronic material, the primary objective would be to minimize the disorder. Unfortunately, in the quaternary Heusler family, only a few alloys have been reported to crystallize in perfectly ordered Y-type structure. A key question, therefore, is how to achieve a minimal disorder.
It is also well-known 2,16 that, to minimize the disorder, the element of the octahedral site should be less electronegative than that at the tetrahedral site. A large number of Heusler alloys which show a considerable amount of disorder, e.g., CoFeMnGe, 17 CoFeMnSi, MnCrVAl, 18 CrVTiAl 6 etc., have more than one element with nearly equal (small) electronegativity, and hence compete to occupy the octahedral site. Thus, if the elements with similar electronegativity values are the constituents of a Heusler alloy, it results in disorder. 2, 6, 19 One way to minimize the disorder is to replace one such 3d-element by a 4d or 5d-element. This can be observed in CoRhMnGe, 17 16 CoFeMnSi is predicted to be SGS by us in the past, with DO 3 disorder.
1 This disorder is due to Fe, which competes with Mn and occupies both octa and tetrahedral sites, as revealed by Mossbauer spectroscopy. One of the main motivation of this paper is to replace Fe by Ru (4d-element), which is expected to improve the crystal structure and magnetic properties.
Ideally one of the spin band is gapless while the other is gapped in SGS. The gapless nature can either arise from (i) flat valence and sharp conduction bands or (ii) flat valence and conduction bands, or (iii) sharp valence and flat conduction bands, or (iv) sharp valence and conduction bands. However, if the spin band deviates from gapless nature resulting in small overlap of valence and conduction bands, its properties greatly depend on the type of bands involved, as discussed above. The scenarios (ii) and (iv) remain close to SGS up to some extent before becoming SSM, whereas the scenarios (i) and (iii) give localized half-metals. Figure 1 shows a schematic of the spin-resolved band structure for the scenario (i), which is a localized half-metal (LHM). Notice from the band dispersion that the valence band contains heavier holes while conduction band contains lighter electrons in the spin-up band, whose partial density of states is shown in Fig. 1(middle) . The spin-up band resembles that of conventional localized metals. For LHM, temperature coefficient of resistivity (∂ρ/∂T ) is positive, except at low temperatures at which ∂ρ/∂T is negative as both heavy holes and light electrons contribute to the electrical conductivity due to less dominant phonons. At higher temperatures, light carriers can excite to higher energies and dominate in electrical conductivity over heavy carriers due to thermal phonons. Heavy carriers get trapped and recombine with some lighter electrons, and so their contribution is negligible in the variation of electrical resistivity. To a certain extent, CoRuMnSi belongs to this scenario, as explained in detail in section IV.
Theoretical simulations on CoRuMnSi have been partially performed in previous reports by Kundu et. al. 24 and Kalaf et. al. 25 However, neither of these dealt with the localized half-metallic nature. Also, no experimental reports on CoRuMnSi alloy exist in the literature so far.
II. EXPERIMENTAL AND THEORETICAL DETAILS

A. Experimental details
Polycrystalline CoRuMnSi (CRMS) alloy was synthesized by arc-melting the stoichiometric weights of constituent elements Co, Ru, Mn, Si (with purity greater than 99.99%) in high purity argon atmosphere. To compensate for the weight loss due to Mn evaporation during melting, 2% extra Mn was taken. 17 The ingot was melted several times, and the final weight loss was less than 1%. The alloy was annealed at 800 o C for 7 days followed by furnace cooling. Room-temperature X-ray diffraction patterns were taken using Cu-K α radiation with the help of Panalytical X-pert diffractometer. Phase purity and crystal structure analysis were done using FullProf suite.
26,27 Magnetization isotherms at 3 K and 300 K were obtained using a vibrating sample magnetometer (VSM) attached to the physical property measurement system (PPMS) (Quantum Design) for fields up to 50 kOe. High-temperature magnetization data were collected in the field of 100 Oe using oven option in VSM. Electrical resistivity measurements were done using the four-probe method in PPMS with an excitation current of 5 mA.
B. Theoretical details
Ab initio simulations are performed by using a spinresolved density functional theory (DFT) implemented within Vienna Ab initio Simulation Package (VASP) 28 with a projected augmented-wave basis. 29 The electronic exchange-correlation potential due to Perdew, Burke, and Ernzerhof (PBE) is used within the generalized gradient approximation (GGA) scheme. A 24 3 k mesh is used to perform the Brillouin zone integration within the tetrahedron method. A plane wave energy cutoff of 500 eV is used for all the calculations. All the structures are fully relaxed (cell volume, shape, and atomic positions of constituent atoms), with total energies (forces) converged to values less than 10 III. X at 4d, X at 4b, and Y at 4c sites respectively.
We have also simulated the effect of L2 1 disorder that occurs due to the 50% disorder of tetrahedral site atoms. A 2 × 2 × 2 supercell involving 32-atoms is formed from a four-atom primitive cell of the energetically most stable configuration. The Brillouin zone sampling used for this calculation is 6 3 k−mesh. Xcrysden 30 and Vesta 31 programs were used in visualizing crystal structures, Fermi surfaces.
III. EXPERIMENTAL RESULTS
A. Crystal structure
Room temperature powder XRD pattern of CoRuMnSi shown in Fig. 2 (a) can be indexed in LiMgPdSn type structure. The calculated lattice parameter is 5.78Å. However, due to 50% disorder between tetrahedral site atoms (Co and Ru), the crystal symmetry changes to L2 1 type. Among the superlattice peaks, intensities of (111) and (200) play a great role in understanding the disorder. 32 Rietveld refinement considering any of the pure configurations (I, II, II) did not fit well (see Fig.  2(c)-(e) ). Intensities of odd reflections did not match for the configurations I and II while for configuration III, intensities for both the odd and even super-lattice reflections did not match well. This suggests that either configuration I or II will be the preferred crystal structure with disorder between octahedral site atoms or tetrahedral site atoms. Refinement considering 50% disorder of octahedral site atoms, Mn and Si, in the configuration I did not fit for the odd reflections (see Fig.2(f) ). The other possibility, i.e., having 50% disorder of tetrahedral site atoms, Co and Ru, in the configuration I fits the best, and the refinement is shown in Fig. 2 . Inset of Fig. 2(a) shows the zoomed-in view near the super-lattice reflections (111) and (200). Its primitive crystal cell is shown in Fig. 2(b) . Refinement considering B2 disorder, i.e., a simultaneous disorder of the octahedral site atoms (Mn and Si) and the tetrahedral site atoms (Co and Ru) completely suppresses the odd reflections in any of the configurations. The difference of atomic form factors of Co and Mn is very negligible in comparison to that of Ru and Ge, and hence any disorder refinement does not distinguish configurations I and II. However, based on the empirical relation between electronegativity and site occupancy, Co atoms will not occupy the octahedral site. Therefore, even though the refinement considering 50% disorder of tetrahedral site atoms Mn and Ru in configuration II fits well, this configuration should be discarded. Hence, it can be assumed that CoRuMnSi crystallizes in L2 1 disordered structure due to 50% disorder of tetrahedral site atoms Co and Ru in the configuration I. Compared to CoFeMnSi, CoRuMnSi (CRMS) only has disorder between tetrahedral sites which results in L2 1 -type structure. Disorder between tetrahedral sites is common in quaternary Heusler alloys CoRhMnZ, 20 as their bond lengths are large and their surrounding chemical environment is identical.
B. Magnetization
Magnetic moment of quaternary Heusler alloys can be calculated using the following relation, which is based on the Slater Pauling rule, [33] [34] [35] 
( 1) where M S is the saturation magnetization and N v is the total number of valence electrons in the alloy. Figure 3 (a) shows the variation of magnetization with the field at 3 K and 300 K of CRMS. It has saturation value nearly 3.92 µ B /f.u. at 3 K, which is close to 4.00 µ B /f.u. as predicted by Slater Pauling rule. It falls to 3.6 µ B /f.u. at 300 K. It is found to be a soft ferromagnetic with negligible hysteresis. Figure 3(b) shows the temperature variation of magnetization in a field of 100 Oe. The Curie temperature is found to be nearly 780 K, which is much higher than that CoFeMnSi (620 K). The higher magnetic ordering temperature could be due to less disorder observed in the alloy, which in turn affects the exchange interactions. 
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C. Resistivity Measurements
Variation of electrical resistivity (ρ) with temperature can be used to get an insight into the band structure and the carrier excitations. For example, absence of T 2 term (due to single-magnon scattering) in many Heusler alloys have been considered as a signature of half-metallic nature. 17, [36] [37] [38] This is because, in half-metals, the spinflip scattering is not possible due to the unavailability of minority spin carriers at the Fermi level (E F ).
39,40
Figure 4 shows the measured and fitted temperature dependence of resistivity in zero field. The inset shows the variation of resistivity with the temperature in two different fields (0 and 50 kOe), and one can notice that the sample exhibits a small negative magneto-resistance. An upturn in resistivity data below 35 K (see Fig. 4 ), hints at the possibility of localization. A similar behavior is reported in other Heusler alloys. 36, 41, 42 The localization phenomenon results in T 1/2 term in resistivity. Thus, to have a better understanding, we carried out the resistivity data analysis in different temperature regimes considering different dominating scattering mechanisms. For 4 K < T < 35 K i.e., below the resistivity minimum, the data fits well to the equation
In the temperature range, 35 K < T < 300 K, however, the resistivity data is found to fit with the power law,
The values of the best-fitted parameters are listed in Table I . The value of n is found to be 2.59 in the temperature range 35 K < T < 100 K. A similar value of n was also observed for NiMnSb alloy.
43 For 100 K < T < 300 K resistivity varies almost linearly with temperature with n = 1.07 which is attributed to the electron-phonon scattering. The T 1/2 dependence at low temperatures (T < 35 K) clearly indicates the presence of localization, which is also evident from the spin-resolved band structure (see Sec.IV for more details). Thus, the absence of T 2 term in the resistivity data for CoRuMnSi alloy indirectly supports the half-metallic nature.
IV. THEORETICAL RESULTS
Various magnetic states were examined by considering different initial spin (nonmagnetic, ferro and ferrimagnetic) arrangements for all the three configurations, as mentioned earlier. The results of the structural optimization are displayed in Table II . One can notice that the configuration I has the lowest energy among all the configurations with the ferromagnetic alignment of ions and hence is the ground state. The nonmagnetic(NM) state was found to be much higher in energy (E N M − E F M = 0.3 eV/atom) as compared to the ferromagnetic(FM) state for the configuration I. Interestingly, the energy difference among the three configurations are sufficiently large, which indirectly indicates less possibility for disorders in this alloy. The ground state configuration I can be understood on the basis of empirical relation involving electronegativity, which suggests that the least electronegative ion occupies the octahedral site. 16, 44 In CoRuMnSi, Mn has the least electronegativity and hence favors the octahedral site while the intermediate electronegative Co and Ru prefer tetrahedral sites. Dominant magnetization arise from Mn atom (2.96 µ B /f.u.) whereas, Co and Ru contribute nearly 0.92 µ B /f.u. and 0.13 µ B /f.u. respectively. The relaxed lattice parameter, a 0 (5.79Å) is quite close to the experimental value, a exp (5.78Å). The calculated moment is 4.00 µ B , and it follows the SP rule and is also consistent with the experimentally observed value. Figure 5 shows the spin-resolved density of states, band structures, band widths for the spin up band, and 3D band dispersion for configuration I of CoRuMnSi at its relaxed lattice parameter a 0 . The alloy manifests electronic structure of a fully spin-polarized half-metal. It the surface dispersion plot) while delocalized bands have large band width with sharply varying nature, and are causing electron pockets around L and X points. Hence, as discussed in the introduction, the carriers from the bands 5 and 6 are less mobile compared to bands 7 and 8. Therefore, the overlap of flat valence bands 5 and 6 with sharply varying conduction bands 7 and 8 resembles the localized half-metallic nature and is consistent with the observed resistivity measurements. Hence, we conclude that the observed localization effect in CoRuMnSi is an intrinsic property of the alloy arising from its electronic band structure. Hybridization of molecular levels in CoRuMnSi : Atomic orbital projected density of states in the spin-resolved band structure helps to understand the hybridization of different atomic orbitals in the alloy. This helps to get a better insight into the properties of the alloy. For example, CoFeMnSi was reported to be spin gapless semiconductor while simply replacing Fe with Ru changes the nature from SGS to half metal. Figure 6 shows the d-orbital characters of various atoms in CoRuMnSi along high symmetry K-directions of the spin-resolved band structure. The interaction of atomic orbitals in Heusler alloys was explained in previous literature. 16, 45 For example, in Co 2 MnSi alloy Co ions occupy tetrahedral sites while Mn occupies the octahedral site. Galanakis et. al. 45 considered tetrahedral site Co atomic d orbitals to split as low lying t 2g and higher-lying e g levels whereas Graf et. al., 16 considered the initial levels in another way. The initial t 2g and e g orbitals of each tetrahedral site Co was considered to hybridize and form covalent bonds, whereas the octahedral site Mn d orbitals were reported to split into low lying t 2g and higher-lying e g levels due to crystal field. These octahedral site t 2g and e g states interact with other levels but retain their atomic character in the molecular picture (as these levels do not hybridize due to the ionic character). Similar schematics of molecular interaction picture can also be noticed in FeRhCrGe alloys. 44 However, in CoRuMnSi alloy, we can notice the anomalies in the interaction/hybridization of atomic orbitals by carefully analyzing the projected atomic d orbital character at Γ point (see Fig. 6 ). If one focuses on the bands at E F near the Γ-point in Fig.6 (a) and 6(c) , by symmetry, theses should be the e g character of the hybridized orbitals arising out of Co and Ru-atoms which occupy tetrahedral sites. However, our simulation reveals that e g -orbitals of Co instead interact with e g -orbitals of octahedral site atoms (i.e., Mn) for spin-up band (see Fig.6 (a) and (e)). These anomalies leave the e g character at E F to be purely arising from the e g orbital character of Ru ions only, in the spin-up band structure. A similar nature of anomalies can also be noticed in the spin-down band structure, but instead of e g orbitals it occurs in t 2g orbitals. Notice from Fig. 6(b) and (f) that low the t 2g orbitals of Co hybridize with t 2g orbitals of Mn in the spin-down band. Hence, we conclude that Co and Mn are forming some kind of unconventional bonding in CoRuMnSi leaving spin-up band structure purely dominated by Ru e g orbitals at the Fermi level, which could dominate in electrical and spin transport. Analyzing the projected atomic orbital character along high symmetry K-points of CoFeMnSi, one can conclude an identical nature of the interaction of atomic orbitals as observed in CoRuMnSi. Spin-up orbitals character of CoFeMnSi projected on to d atomic orbitals of Fe are shown in Fig. 7 . Hence, it is evident that the change of nature of e g orbitals at the Fermi level in the spin-up band structure is the underlying reason for the change of SGS behavior to localized half-metallic nature on replacing Fe with Ru. Notably, the difference lies in the nature of e g orbitals that are electron-like with light charge carriers in CoFeMnSi, unlike hole-like nature with heavy charge carriers in CoRuMnSi. Hence, we conclude that SGS nature observed in CoFeMnSi is due to the unique nature of e g orbitals of Fe. In contrast, the large density of states in the spin-up band structure of CoRuMnSi is due to the presence of well-localized flat hole-like e g orbitals at the Fermi level that are purely due to Ru states. So the unique localized half-metallic nature observed in CoRuMnSi is due to its unique band structure, and should not be constructed as due to other reasons such as disorder, impurities, etc.
Disorder : The XRD analysis reveals that 4c and 4d fcc sites in CoRuMnSi are equally possible for Co and Ru atoms. To understand the electronic and magnetic properties of the actual experimental structure, we have simulated the electronic structure of the disordered configuration by considering a mixture of Co and Ru atoms at 4c and 4d sites. Swap analysis (equal probability) is one such way to investigate such disorder. To simulate this, a 2 × 2 × 2 supercell involving 32-atoms is constructed, which contains 8-formula units. In such a cell, exchanging the position of 1 Co and 1 Ru gives a 12.5 % swap disorder. Similarly, exchanging 2,3,4 Co and Ru atoms gives 25 %, 37.5 %, and 50 % swap disorder, respectively. 50 % swap (equal probability) corresponds to L2 1 -type structure. We have checked all possible configurations for replacement of Co by Ru and vice versa at each concentration, and results of the most stable configuration are presented here. The calculated spin-polarized DoS for disordered structures (with different percentages of swap disorder) are shown in Fig. 8 . These DoS indicate that half-metallicity in CoRuMnSi is robust against swapping. The total magnetization value almost remains the same as the ideal case (no defects). To get a better understanding, we have calculated the local moments at/near the individual atomic sites, as shown in Table III . In each case, the magnetic moment of Ru swapped with Co atom changes from positive to negative sign (though by a very small moment) as compared to the ideal case, whereas the moment of Co swapped with Ru atoms slightly increases. With swap disorder, the local environment of the defect sites remains the same (Co and Ru atoms surrounded by 4 Mn and 4 Si atoms in both ordered and defect structures) with slightly different bond lengths (due to relaxation effect). Thus, the exchange interactions are not affected much, modifying the local moments (and thus the total moment) only by a very small amount. Co-Ru swap defect structures have nearly the same total moment as the ideal structure, 32 µ B /cell or 4 µ B /f.u.(see Table III ).
V. CONCLUSION
In conclusion, we have studied the effect of full replacement of Fe in equiatomic quaternary Heusler alloy CoFeMnSi with Ru by a combined experimental and theoretical investigation. Replacement of Fe with Ru improves the structural ordering from DO 3 to L2 1 as revealed by the room temperature XRD. The saturation magnetization is found to be 3.92 µ B /f.u. at 3 K and is closely consistent with the Slater-Pauling rule. The Curie temperature is found to be 780 K. The resistivity vs. temperature behavior indirectly indicates the possibility of half-metallic nature (even at high temperatures), since one-magnon scattering (T 2 -dependence) is found to be absent. At lower temperatures, the resistivity is found to decrease with temperature followed by an upturn, which is attributed to the localization effect. The localization observed in the alloy arises purely from the intrinsic electronic band structure and more specifically from the spin-up band.
Ab-initio simulation confirms the half-metallic nature of CoRuMnSi with a clear band gap in the minority band. Spin-resolved band structure reveals that large density of states at the Fermi level in the spin-up band arises due to the presence of flat e g bands at E F , which also produces heavy hole pockets at Γ. Spin-up band structure resembles that of a conventional localized metal, i.e., superposition of flat valence bands and sharp conduction bands. Hence, the localization effect seen in the resistivity measurements is purely attributed to the intrinsic spin up band structure of CoRuMnSi. A careful analysis of the projected atomic d-orbital character of spin-resolved band structure reveals the unusual hybridization of orbitals in CoRuMnSi, which is also identical to CoFeMnSi, unlike other Heusler alloys. The observed hybridization in these alloys predict the e g orbitals character, present at the Fermi level in the spin-up band structure, to be purely arising from either Fe or Ru.
To get a deeper insight into the disorder at tetrahedral site atoms as revealed from XRD, Co-Ru swap disordered structures have also been simulated. It is found that the swap disorder does not affect the electronic properties and half-metallicity. The local environment of the defect sites remains the same as that of the ordered structure with a small change in the bond lengths. This gives a minimal change in the exchange interactions and hence the total magnetic moment. Robust half-metallic nature, stable structure, and high T C make this alloy quite promising to be used in spintronic applications.
